The objective of this research project was to determine what a conglomerate of professionals consider as the most important metrics to consider when designing an exoskeleton for training. Over 400 researchers, engineers, and scientists were polled in a ranked order survey covering more than 50 different aspects in engineering design. These aspects were identified from a cogent literature review for consideration. While there are a slew of papers covering the results of exoskeleton designs as posture support mechanisms, rehabilitation mechanisms, tools to assist or replace body functions, and human performance augmentation, few cover what aspects were considered in the engineering design phase. The objective of this research project was to determine what a conglomerate of professionals consider as the most important metrics to consider when designing an exoskeleton for training. Over 400 researchers, engineers, and scientists were polled in a ranked order survey covering more than 50 different aspects in engineering design. These aspects were identified from a cogent literature review for consideration. While there are a slew of papers covering the results of exoskeleton designs as posture support mechanisms, rehabilitation mechanisms, tools to assist or replace body functions, and human performance augmentation, few cover what aspects were considered in the engineering design phase.
INTRODUCTION
There is a wide variety of exoskeleton designs and publications that are used in many applications such as posture support mechanisms, rehabilitation mechanisms, tools to assist or replace body functions (Rocon, Ruiz, Manto, Moreno, & Pons, 2007) , and human performance augmentation .
However, few papers look at utilizing exoskeleton devices as a tool for training healthy humans. Some recent work has looked at how to train healthy police officers in handgun training (Schnieders, Stone, Oviatt, & DanfordKlein, 2017a ) and specifically the effect of locking out wrist flexion and extension and locking out radial and ulnar deviation (Schnieders, Stone, Oviatt, & Danford-Klein, 2017b) .
The vast literature on exoskeletons from as early as 1962 to present has been void of any ranking or recommendations on what aspects of design should be prioritized when designing exoskeletons . Over 40 different aspects in engieneering design were identifed as potentially important aspects to consider and were compiled into a master list within a rank order survey. These aspects were identifeid from a cogent literature review for consideration.
It would make for poor engineering design practice to attempt to satisfice all 50+ different engineering design aspects into a single exoskeleton design. To alleviate this issue, a ranked order survey was conducted. It is important, however, that when conducting a survey across such a broad, multidisciplinary topic that one determines the order of importance and which metrics to be concerned about.
Prior to the analysis of the rank order, it is important to discuss how to classify an expert. It is known that an expert is often unaware of the range and scope of their knowledge (Cheyayeb, Conor, & Slater, 1985) . Therefore, there is a need to recognize what constitutes an expert and determine who to recognize as an expert. In their doctoral dissertation, S. J. Winter states that experts have many abilities, such as easily solving simple problems, asking appropriate questions, being able to explain why they asked those questions, easily talk to other experts in their field, and be able to transfer knowledge from one domain to another (Winter, 1998) .
MATERIALS AND METHODS

Ranked Order Survey
Professionals in engineering, human-computer interaction, and other related fields who hold a post-secondary degree were defined as subject matter experts and as qualified experts in their field.
These professionals were contacted via email to take part in a survey. After completing the informed consent, they were asked qualitative questions such as highest degree earned, the university they obtained that degree, their current institution, and to list three journal publications that they are an author for, if applicable.
They were then asked to perform a ranked order survey for designing an upper body exoskeleton for training with over 50 different metrics identified in a literature review. Some of the identified metrics included:
The ranked order portion of the survey has participants order the 55-different metrics in the order of most important aspect to consider to least important aspect to consider. They were told to assume that the ranked order will be considered when designing an upper body exoskeleton for training.
Categorization Task
Independently, a categorization task was conducted by 4 experts who either hold, or are pursuing, a doctoral degree. These experts have backgrounds in industrial engineering, human factors, ergonomics, mechanical engineering, manufacturing, and human-computer interaction.
Following the categorization, a Fleiss' kappa analysis was conducted on the categorization to assess the reliability of agreement between the 4 experts.
RESULTS
Ranked Order Survey
Over 400 participants were identified from a survey of the literature. Of those 400 surveyed, 40 participants from 35 different institutions, and 12 different countries responded.
The participants of the ranked order survey held 21 doctoral degrees, 11 master's degrees, and 8 baccalaureate degrees as their highest degree earned.
Forty participants with 55 ranked metrics yields a 40x55 matrix of 2200 cells. A heat map was used to identify design metrics considered by the experts as the top 1/3, middle 1/3, and bottom 1/3 for importance (see Figure 1 ). Bright green on the heat map indicates highest importance at a rank of 1. Bright yellow on the heat map indicates exactly half and bright red on the heat map indicates lowest importance at a rank of 55. The heat map was designed to show a range of color between those three indicators to represent their degree of closeness to a cut-off rank.
Each design metric, after being placed into the heat map in Figure 1 , was then assessed to determine a count of times the metric was placed in the top ¼, top ½, the bottom ½, and the bottom ¼.
In the top ½ were design metrics where more than half of the participants agreed that the metric was in the top 20 metrics to consider when designing an upper body exoskeleton for training. These metrics included: cost, manufacturability, weight, variability within persons, variability between persons, number of parts vs. ability to actuate, training motivation, how the exoskeleton attaches to the body, statics, dynamics, range of motion/flexibility, comfort, every day carry vs. tool for training, muscle memory and response, sensory motor learning, form factor, ease of manufacturing, anthropometry, battery density, use as protection, maximum push forces, formability to body, degrees of freedom, and ease of use.
In the top ¼ were design metrics where more than 75% of the participants agreed that the metric was in the top 10 metrics to consider when designing an upper body exoskeleton for training. These metrics included variability between persons, how the exoskeleton attaches to the body, range of motion/flexibility, and comfort.
The bottom ½ were design metrics where more than half of the participants agreed that the metric was in the bottom 20 metrics to consider when designing an upper body exoskeleton for training. These metrics included: environmental factors, perspiration mitigation, maximum pull forces, type of fuel (battery/gas/etc.), actual exertion, actual fatigue, perceived exertion, perceived fatigue, intuitive use (affordances), lifespan of exoskeleton (standard conditions), lifespan of exoskeleton (extreme conditions), temperature considerations, humidity considerations, iterative design, human factors/ergonomics considerations, potential stress/strain on joints/muscles, distribution of mass, center of mass, sound, repetition and fatigue, high speed motion, effect of unequal loading, psychophysics, abrasion of material on body, social impact, replaceable parts, material strength, material elasticity, biomechanics.
The bottom ¼ were design metrics where more than 75% of the participants agreed that the metric was in the bottom 10 metrics to consider when designing an upper body exoskeleton for training. These metrics included: center of mass, sound, high speed motion, effect of unequal loading, psychophysics, social impact, replaceable parts, material strength, and material elasticity.
Categorization Task
The 4 experts completed this task independently and determined the following categories: maintenance, manufacturing, functionality, material properties, power options, human factors, environment, biomechanics, form and fit considerations/limitations, design factors, build factors, financial factors, performance factors, and social factors.
These categories were combined into the following four categories: Human Factors, Design Factors, Financial Factors, and Performance Factors. This was done to combine similar subcategories and to produce more overarching metacategories on an ordinal scale, making the inter-rater reliability analysis more appropriate for this ranked order analysis.
A Fleiss' kappa analysis was conducted on the categorization to assess the reliability of agreement between the fixed number of raters over the four categories. Fleiss' kappa is defined as
Where 1 − � is defined as the degree of agreement that is attainable above chance and � − � is defined as the degree of agreement actually achieved above chance. The number of design metrics are indexed by = 1, … , where N represents the total number of metrics. The number of categories is indexed by = 1, … , . The variable represents the number of raters who have assigned the -th subjects to the jth category. represents the proportion of all assignments in the j-th category and is defined as
represents the extent to which raters agree for the i-th subjects and is defined as
Which can be expanded to = The categories are ranked from most important to consider to least important to consider as follows: Human factors, design factors, performance factors, financial factors, and social factors. This ranking was determined by the number of design metrics scoring in the top ½ from the rank order survey.
DISCUSSION
Rank Order Survey
This rank order survey provides a basic, yet intuitive way to look at engineering design metrics when approaching upper body exoskeletons for training.
From this analysis, we see that the most important metrics (i.e. the metrics to consider first) are:
• Variability between persons • How the exoskeleton attaches to the body • Range of motion/flexibility • Comfort And the least important metrics (i.e. the metrics to consider later) are:
However, a split into the most important and least important aspects, according to this rank order survey, is not enough. Looking at a higher level, we, by default, split the group into the top half and the bottom half. However, it is important to also look at the actual data to see the entire picture. There were numerous metrics that had an almost even split (20±2) that ended in one half or the other. These metrics were environmental factors (18/22), perspiration mitigation (18/22), formability to the body (20/20), degrees of freedom (22/18), perceived fatigue (19/21), intuitive use (affordance) (19/21), and human factors / ergonomics considerations (19/21).
It is important to note that human factors and ergonomics considerations ranked in the lower half of the distribution. With some considerations such as biomechanical aspects ranking last. This is consistent with the current state of research, as most exoskeleton studies (and the associated designers of these devices) focus on the functional components rather than the impact or even need for the device itself.
This analysis was conducted to give designers and researchers a starting point as to which aspects to consider as most important. However, it should be noted that these results are not necessarily indicative of the only metrics to consider.
Certainly, aspects that are categorized as less important may not be less important depending on the actual design and purpose of that exoskeleton. These are things that the research/design team should take into consideration first. Recall that, in an ideal scenario, all 55 metrics as well as others would be considered and that this ranked order is looking at where to begin with the design.
It is also important to note that this particular analysis was completed specifically for designing exoskeletons for training. Analyses could be completed to consider two primary roles of exoskeletons, namely rehabilitation and human performance augmentation. Further analysis could also be conducted on the many exoskeleton application areas.
Categorization Task
Landis and Koch provide the table below to interpret kappa values (Landis & Koch, 1977) . With a calculated value of 0.42, the four experts are in moderate agreement with the categorization. However, the above table may not be the best interpretation and could be misleading (Gwet, 2014) . This categorization task was appropriate to determine the overarching most important categories to consider followed by the most important subcategories or design metrics to consider.
CONCLUSION AND FUTURE WORK
A categorization task involving four experts with backgrounds in industrial engineering, human factors, ergonomics, manufacturing, mechanical engineering, and human-computer interaction and a rank order survey involving 40 participants from 35 different institutions, and 12 different countries were completed.
The results indicate the most important categories and design metrics to consider when designing upper body exoskeletons for training. Ideally, all the 55 different design metrics should be considered, but this study proposes the most crucial to consider first or when time and/or resource demands constrains the design challenge.
Future work includes taking the ranked order information and applying it to an exoskeleton design methodology. The author of this work is currently developing the QuANTUM Ex Method. QuANTUM Ex is short for Quantitative Assessment for Non-Tested Universally Made Exoskeletons and is being designed as a methodology for exoskeleton design. The ranked order survey data will be applied as part of a metric weighting system within the QuANTUM Ex Method.
In more general applications, this data can be used to determine which design aspects should be considered of highest importance when designing exoskeletons for training. Similar methods could be implemented to determine a ranked order for other types of exoskeletal applications.
To construct a similar heat map, a thorough literature review should be conducted pertaining to the exoskeletons' location on the body as well as the function. This will help identify the most important aspects of engineering design to consider when conducting analyses.
